Healthy sleep is important to behavioral, neurobiological, and physiologic health. In older children and adults, stress biomarkers, such as cortisol and C-reactive protein, increase when they do not practice healthy sleep habits. However, little is known about the relationships among sleep health, stress, and health outcomes among very young children living with socioeconomic adversity, a group that is particularly at risk for poor future health. The NIH-funded study described in this protocol addresses this scientific gap to improve understanding of these relationships during a critical developmental period in children's lives-toddlerhood. We will use a longitudinal design with repeated measures to prospectively examine the relationships among sleep health, stress, and toddlers' health from age 12 to 24 months, to address the following aims: i) examine changes in subjective and objective sleep health measures; ii) examine changes in stress biomarkers; iii) examine the cross-sectional and longitudinal relationships between sleep health measures and stress response; and iv) examine the cross-sectional and longitudinal relationships between sleep health measures, stress biomarkers, and toddlers' behavioral health. The sample will include 113 toddlers and their caregivers.
| STRESS AND SOCIOECONOMIC ADVERSITY IN CHILDREN
While there is growing recognition that persistent stress leads to health disparities in children who live with socioeconomic adversity (Appleyard, Egeland, van Dulmen, & Sroufe, 2005; Evans et al., 2007; Shonkoff, 2012) , less is known about the underlying biological and behavioral pathways (McEwen, 2000; McEwen & Wingfield, 2010; Taylor, 2010) . Identifying and addressing modifiable factors early in life may improve adaptive outcomes (Cicchetti & Gunnar, 2008) .
Allostatic load (AL) refers to wear and tear on the body that increases the risk for stress-related health problems such as cardiovascular disease and mortality (Beckie, 2012; McEwen & Wingfield, 2010) . While most of the literature on AL involves adults, recent studies linked children's experience of socioeconomic adversity to AL (Beckie, 2012; Evans, 2003; Evans et al., 2007) . Common biomarkers of stress and AL include C-reactive protein (CRP), cortisol, and BMI (body mass index; see reviews by Juster, McEwen, & Lupien, 2010; McEwen & Wingfield, 2010; Szanton, Gill, & Allen, 2005) . Secretory IgA (S-IgA) is an antibody that contributes to maintenance of mucosal homeostasis and is associated with increased risk of infection (Law, Seow, & Townsend, 2007; Mantis, Rol, & Corthesy, 2011) . Exposure to psychosocial stress and socioeconomic adversity early in life is associated with decreased S-IgA (Drummond & Hewson-Bower, 1997 ), higher CRP (Danese et al., 2011) , BMI (Davis et al., 2014) , hair cortisol (Simmons et al., 2016) , and salivary cortisol (Saridjan et al., 2010) .
| SLEEP AND STRESS
A few teams have addressed the associations between sleep health and multiple biomarkers of AL (Chen, Redline, Shields, Williams, & Williams, 2014; Clark et al., 2014 ) and a larger body of literature is available on the associations between sleep duration and efficiency and individual biomarkers of AL (Ferrie et al., 2013; Meier-Ewert et al., 2004; Motivala, Sarfatti, Olmos, & Irwin, 2005) . For example, short sleep duration is associated with elevated CRP (Ferrie et al., 2013; Meier-Ewert et al., 2004) , cortisol (Bright, Frick, Out, & Granger, 2014) , and BMI.
Emerging evidence suggests that disparities in sleep health among children of lower socioeconomic status (SES) develop within the first year of life (Cronin et al., 2008) and can persist into later childhood (Magee et al., 2014) . A prospective study of the antecedents of AL and the significance of high AL early in life will help to guide the development of interventions that may include promoting sleep health in order to buffer the stress response before "wear and tear" on the body occurs and promote life-long resilience, and improve health disparities (Juster et al., 2010) .
| SLEEP AND BEHAVIOR PROBLEMS IN TODDLERS
Children's health is defined in terms of biology, behavior, and environment, all three of which influence children's health (National (Engle, Castle, & Menon, 1996; McLoyd, 1998) . These children are at high risk for behavioral problems beginning as early as 9 months of age that continue as the children grow and develop (Palmer et al., 2013) . Externalizing and internalizing behavior problems are associated with future academic and mental and physical health problems that extend into adulthood (Briggs-Gowan & Carter, 2008; McClain et al., 2010; Shonkoff, Boyce, & McEwen, 2009; Timmermans, van Lier, & Koot, 2008 ).
Sleep health, child behavior problems (Saenz, Yaugher, & Alexander, 2015) , and stress are correlated in older children (McEwen, 2006) , suggesting the importance of understanding these relationships among very young children to help identify opportunities to intervene to buffer the stress response early in life. The one known longitudinal study of the association between objective measures of sleep and behavior problems in toddlers (Sadeh et al., 2015) was limited by a cross-sectional design.
| STUDY PURPOSES
The conceptual model for the present study is presented in Figure 1 . We are examining the associations among sleep health, stress, and socioemotional health within the context of socioeconomic adversity. The purposes of this longitudinal study are to examine the relationships among sleep health (duration, efficiency, routines), stress biomarkers, and socioemotional (behavioral) health among toddlers living in socioeconomically disadvantaged homes and how these characteristics change over time from age 12 to 24 months. Indicators of economic, environmental, and socioeconomic adversity will be measured as family background characteristics and included as covariates in relevant analyses. The aims are to: i) examine changes in subjective and objective sleep health from 12 to 24 months of age; ii) examine changes in stress biomarkers from 12 to 24 months of age; iii) examine the cross-sectional and longitudinal relationships between sleep health and stress response; and iv) examine the cross sectional and longitudinal relationships between sleep health, stress response, and toddlers' socioemotional health.
| METHODS

| Design
This ongoing study employs a prospective longitudinal design. We obtained human subjects approval from the university and recruitment sites.
| Setting
We are recruiting toddlers' caregivers from urban community health centers (CHCs), licensed early head start (EHS) child care programs, and referrals from pediatric clinicians. The CHCs serve more than 5,000 families in the Greater New Haven area. Patients are approximately 40% Latino, 50% Black, 5% Asian, and 5% other race/ethnicities. We are collecting data at locations convenient to participants, including the CHCs, childcare centers, our lab, or participants' homes.
| Target population
The sample will include toddlers who are 12 months of age and their caregivers. Caregivers must be over 18 years old and fluent in English.
Children with diagnosed sleep apnea, cerebral palsy, genetic disease, Down syndrome, severe developmental delay, cardiac disease, autism, and those who are in the custody of the CT Department of Children and Family Services are excluded. Income is not an inclusion/exclusion criterion. However, the children in this study will be either enrolled in EHS and/or have Medicaid insurance and qualify for these programs because their families have low incomes.
| Sample size
We performed power analysis to estimate the sample size needed to detect associations between the sleep characteristics and the biomarkers. Using PROC POWER in SAS version 9.1, a sample of 113 will detect a correlation of −.26 with 80% power in a 2-sided test at a .05 significance level. This calculation was based on a study of sleep problems in children ages 2-3 years, in which significant correlations (r = −.26, −.24) between sleep problems and cortisol levels were observed (Kiel, Hummel, & Luebbe, 2015) .
| Procedures
Our protocol includes four research visits, as detailed in Table 1 .
Once a family expresses interest in participating, we screen them to determine eligibility and schedule a time for the first visit at a location convenient to the family. At the first visit, we explain the study and elicit written informed consent. The caregiver completes the study sleep questionnaires. We place an Actiwatch 2 (Respironics Minimitter, Bend OR) on the toddler's ankle, cut a small sample of the toddler's hair for cortisol measurement, and review the instructions for the Actiwatch, sleep diary, and saliva collection. We give the caregivers written instructions in a colorful binder of laminated slides. In accordance with published protocols using similar biomarkers (Riis, Granger, Dipietro, Bandeen-Roche, & Johnson, 2015; Riis et al., 2016) , caregivers collect toddlers' saliva in the morning and evening of a day 1-2 days prior to the next visit.
(Further details on saliva collection are provided below.) Caregivers receive regular text messages or phone calls between visits to remind them to complete the sleep diaries and to collect the saliva. Text messages every other day to remind the caregiver to record sleep in the sleep diary and to collect the saliva 1-2 days before the Time 3 visit. We use the Sleep Evaluation Questionnaire (SEQ; Mindell & Owens, 2003) to screen participants for inclusion in the study (Table 2 ). It includes 13 questions about the toddler's sleep history, 19 questions about current sleep symptoms (e.g., snoring, difficulty breathing), and 40 medical and psychiatric history questions (e.g., nasal congestion, allergies, hearing problems, growth delay, genetic disease).
| Demographic characteristics
We are collecting demographic information on the caregivers (gender, age, race/ethnicity, marital status, and number and ages of children).
We are eliciting the toddler's race/ethnicity, age, gender, birth and medical history, and exposure to second-hand smoke.
| Socioeconomic adversity
Based on previous methods (Riis et al., 2016) , we are collecting multiple indicators of economic, environmental, and psychosocial factors.
Economic factors
Economic indicators include caregiver education, family income, income-to-needs ratio, federal and state assistance, and type of housing. Income-to-needs ratio is a standard measure of a family's economic situation, calculated by dividing the income by the federal poverty threshold for that family (e.g., in 2014, the poverty threshold (Counts et al., 2010) .
Psychosocial factors
Caregiver-reported parenting stress and depressive symptoms are used as indicators of psychosocial factors of socioeconomic adversity. The Parenting Stress Index (PSI) is a 120-item parentreported measure of the level of stress in the parent-child system, at a grade 3.5 reading level (Abidin, 2012) . It has been validated as a measure to predict parenting behavior in the US and more than 20 other countries.
The Center for Epidemiological Studies Depression scale (CES-D; Comstock & Heising, 1976; Radloff, 1977) consists of 20 items selected from other depression scales. Each item is rated on a scale from 0-3 indicating frequency of the issue during the past week. The total score ranges from 0-60, with a score of 16 or more indicating (Acebo et al., 1999) . Study toddlers wear the Actiwatches continuously for 9 days except for bathing or swimming, to assure that at least 7 days of data are obtained (Acebo et al., 1999) .
To make the Actiwatch "kid-friendly," we covered the band with colorful patterned duct tape.
Sleep diary
Caregivers complete sleep diaries to record toddlers' naptimes, bedtimes, duration of sleep, and occurrence of co-sleeping for the 9-day period of actigraph recording to provide context for the data. Sleep diaries demonstrate good concurrent validity relative to 24 hr ambulatory polysomnographic monitoring (Rogers, Caruso, & Aldrich, 1993 ).
Caregiver-reported child sleep difficulty
The 13-item extended Brief Infant Sleep Questionnaire (BISQ) is used to elicit parent-reported toddler sleep duration, nighttime awakenings, and method of falling asleep (Sadeh, 2004) . The BISQ has been validated against actigraphy and is correlated with daily sleep diary data and with caregiver reports of sleep. It has test-retest reliability of .82 to .95 for individual items (Sadeh, 2004) . The BISQ is valid for children ages 0-36 months and has a grade 5 reading level.
Parental interactive bedtime behaviors
The 
| Allostatic load biomarkers
Biomarkers were selected based on the literature on AL (Juster et al., 2010; McEwen & Wingfield, 2010; Szanton et al., 2005) and prolonged stress response (Cicchetti & Gunnar, 2008; Juster et al., 2010; McEwen, 1998 
Salivary biomarkers
We will assay cortisol (to reflect neuroendocrine stress response via HPA activity); CRP, and S-IgA (immune markers) from saliva collected on one swab per Salimetrics® protocol. Parents are asked to collect saliva from their toddlers 30 min after waking and 30 min before bedtime on the same day to control for diurnal variation (Hucklebridge, Clow, & Evans, 1998; Meier-Ewert et al., 2001 ). CRP and S-IgA will be measured from the morning sample because S-IgA is highest (Hucklebridge et al., 1998) and most reliably measured in the morning (Deinzer & Schüller, 1998; Tsujita & Morimoto, 1999) .
Cortisol is measured from both morning and bedtime swabs to 
Hair cortisol
We included both saliva and hair measures of cortisol because each method has its limitations, and use of both measures will provide complementary information and a more comprehensive view of chronic stress (Vanaelst, De Vriendt, Huybrechts, Rinaldi, & De Henauw, 2012) . Hair is an increasingly common source of cortisol measurement in young children (Kamps et al., 2014; Karlén et al., 2015; Liu, Snidman, Leonard, Meyer, & Tronick, 2016; Simmons et al., 2016; Veldhorst et al., 2014) . At the first and third data collection visits, the research assistant cuts 20-30 mcg of hair from the posterior vertex of the child's head and trims it from the scalp end to 3 cm long.
All cortisol assays will be run in duplicate and rerun in triplicate if duplicates exceed 10% CV and re-diluted if out of range on the first assay, per the lab protocol at University of Massachusetts-Amherst, where the samples will be analyzed.
Potential control variables
In addition to the socioeconomic adversity measures described above, information about factors that may confound the biomarkers, including toddler age, sex, and toddler's exposure to secondhand smoke, are collected from the caregiver. Covariates will be included in relevant analyses.
BMI
BMI is often included as a marker of AL (Juster et al., 2010 
| Toddlers behavior problems
We are collecting data on the toddlers' behavior problems using the 
| Statistical analyses
Data from the actigraph, biomarkers, and questionnaires will be imported into SPSS (v21.0) for analysis. Actigraph data are downloaded onto a secure server. After visual review for missing data and manual scoring, variables are computed with Actiware v6
(Respironics-Minimitter, Inc). Each variable will be described with frequency distributions and appropriate summary statistics for central tendency and variability for descriptive purposes and to assess for violations of assumptions underlying the planned statistical tests. Baseline covariates of demographic and economic, environmental, and socioeconomic adversity will be included in the models to test for their influence and interactions with the effect of the outcomes. If saliva samples or other data are missing, we will perform data analysis without them first and compare with results using multiple imputation.
To address Aims 1 and 2, sleep health variables (duration, efficiency) and biological measures (i.e., cortisol, CRP, S-IgA, and BMI) at 12 and 24 months will be described, and the changes in means of the variables over time will be tested with paired t-tests. Diurnal slope of salivary cortisol will be calculated by subtracting the bedtime from the morning cortisol levels and dividing this by the number of hours between samples.
To address Aims 3 and 4, we will examine cross-sectional associations between sleep health, biomarkers of stress, and toddlers' socioemotional health at age 12 and 24 months with Pearson's or Spearman's correlation coefficients. To evaluate the relationship between sleep health and biological stress measures over time and the outcome of toddlers' health at 24 months, we will test the effects of sleep health variables and biomarkers at age 12 and 24 months on each socioemotional health outcome. Correlations of toddler age 12 months' sleep health variables will be interpreted as additional effects of persistent sleep health problems beyond sleep at 24 months of age.
The outcomes that are significantly related to any of the sleep health variables in the bivariate analyses will be examined in multivariate analyses using generalized linear mixed modeling (GLMM) to account for within-subject correlations, after controlling for socio-demographic and socioeconomic adversity variables associated with sleep health. Residuals will be assessed for normality assumptions, and log-transformed outcomes will be used if the normality assumption is violated.
Biomarkers will be examined individually and as two latent variables representing the biologic stress response in relation to child sleep health variables, using canonical correlation (Aim 3). This analysis will reveal the best combination of biomarkers to explain poor sleep health.
| DISCUSSION
The experience of socioeconomic adversity is a chronic stressor that may result in sleep deficiency, including shortened sleep duration and poor sleep efficiency beginning early in life. Poor sleep health during early critical developmental periods, such as toddlerhood, may interfere with children's ability to maintain homeostasis and compound their risk for stress-related health problems. Our study focuses on understanding the longitudinal relationships among sleep, multiple biomarkers of stress, and health among toddlers living in socioeconomically disadvantaged homes. We expect to use the results to support future studies that will examine protective family factors, caregiving, and sleep as potential mediators and moderators of the relationship between socioeconomic adversity and health in early childhood. The present study will provide important information to support future research to test our broader hypothesis that healthy sleep habits established early in life buffer the effects of persistent stress and decrease the negative effects of subsequent stress-related health problems among young children living with socioeconomic adversity.
This study is innovative in three ways. The primary innovation is use of a prospective longitudinal design to examine the relationships among sleep health, stress, and health among toddlers living in socioeconomically disadvantaged homes. Few previous teams have examined these relationships (El-Sheikh et al., 2013; El-Sheikh, Buckhalt, Granger, Erath, & Acebo, 2007) , and the longitudinal design of this study will assist in understanding causality and the mechanisms linking socioeconomic adversity and health. Second, our use of multiple biomarkers is a novel approach that will allow for understanding of the multi-dimensional aspects of stress. Third, we are aware of only one previous study with repeated measures of hair cortisol as an indicator of chronic stress in toddlers (Liu et al., 2016) .
| Progress to date
The protocol elements are feasible based on our early experience. To date, we have collected data on 61 mother-child dyads over the course of 18 months. We have approached almost 100 families, and our recruitment strategy has resulted in an excellent yield. Although most caregivers do not offer reasons for not participating in the study, the collection of biomarkers is the most common concern. We are careful to explain that we are not doing genetic analyses or identifying the children. We describe the purpose of the saliva collection as a noninvasive way to measure the toddlers' ability to respond to stressful stimuli such as receiving an immunization or needing to be fed.
We sent our first 10 saliva swabs to the lab to confirm that our protocol ensured adequate saliva collection. The average volume of saliva collected was 720 μl per swab (225 μl required to assay cortisol, CRP, and SIgA) and was, therefore, adequate for the assays that we are planning. We determined that our parent instructions were effective.
Anticipating that not all parents will be able to collect an adequate saliva volume, we will establish a priority order of the biomarkers (1.
cortisol; 2. CRP; and 3. SIgA) prior to submitting the final group of saliva samples.
| Lessons learned
In this project to date, we have learned a number of lessons that will help inform future work. We believe that our approach has facilitated family participation and successful data acquisition. The procedures and family time commitments for the four visits have been well tolerated, and all families completed the parent-report measures and actigraphy listed in Table 1 . We structured the visits to include all parent-report measures of sleep at visit 1 and 3, to capture the parents' perceptions of the toddlers' sleep prior to working with the Actiwatch over the next 9 days and nights. We limited the time 2 and 4 measures to include maternal depressive symptoms, parenting stress, and toddler socioemotional health, to minimize the subject burden and time commitment and reduce the time to get the saliva samples to the laboratory freezer. Although the full Parenting Stress Index is lengthy, we identified the need to elicit as much information on parenting as possible, because of its likely importance to sleep and stress. We offer the parent breaks and offer to read the PSI questions aloud while parents complete the answer sheets. Three of the mothers scored over 16 on the CESD, indicating the possible presence of clinical depression.
They were referred to their primary care providers for follow-up, and none of them reported feeling suicidal.
Among the first 61 participants we have recruited, all families have been able to complete the actigraphy. However, they have expressed difficulty remembering to press the event marker buttons, so it may be difficult to determine sleep latency, which is commonly reported to be difficult to measure with actigraphy. One family expressed concern about the light meter on the Actiwatch because their child care provider was concerned that it was a camera and refused to let the toddler wear the watch while at daycare. Another parent was concerned that the Actiwatch tracked location. We adjusted the instructions to include a description of the location and purpose of the light meter and explained that it was not a camera or GPS device. We regularly send text messages to families to remind them to maintain the sleep diary and to collect the saliva 1-2 days prior to visits 2 and 4.
Feasibility has been enhanced by several steps. Parent participants appreciate our flexibility in meeting them in places that are most comfortable and convenient. Locations for meetings include homes, daycare centers, and the public library. When the second and fourth visits are not conducted at the home, we instruct the parents to bring the saliva vials in a plastic bag or cooler with ice. We place them in the research cooler and transport them immediately to the −80°freezer at our laboratory. We consulted with the IRB and colleagues to determine that $50 per home visit was an appropriate payment to compensate for the time commitment and inconvenience associated with the study.
We provide age-appropriate board books with a sleep theme as gifts to the toddlers.
At the beginning of this study, we thought that there might be cultural concerns about cutting young children's hair. We learned that some caregivers would have been reluctant to allow their toddler's hair to be cut prior to their first birthdays, and one of the 61 participants declined to allow us to cut her child's hair before 24 months of age.
However, the majority thought that it was acceptable to cut the small amount of hair at 12 months of age. We explain that the amount of hair that is cut is the amount of hair loss that occurs naturally each day.
Because we are often the first to cut the toddler's hair at 12 months, we provide the caregiver a small sample of hair in a decorated small plastic bag as a memento of the first haircut.
We provide written instructions with color photos and a YouTube video to help the caregivers with the saliva collection.
We found that providing swabs for the caregiver to model the saliva collection helps to stimulate the toddlers' interest and curiosity and takes advantage of their tendency to imitate the caregiver. We believe these methods have contributed to our low rate of missing data. The only missing data to date are two actograms due to equipment malfunction. The manufacturer of the Actiwatch was unable to retrieve the data. Calculating diurnal cortisol data is limited to 1 day collection in this current protocol. The subject burden of multiple saliva collection samples over multiple days was a concern when designing this pilot study as part of the primary author's training grant proposal. However, our future studies will utilize lessons learned in this study and include collection of 1-2 additional days of saliva samples to increase the test-retest reliability of slopes (Hellhammer et al., 2007; Kraemer et al., 2006) .
In response to feedback from our community partners and to increase inclusion of Hispanic residents in our community, we recently amended our protocol to include Spanish-speaking families. All research questionnaires are available and validated in Spanish. The research materials (consents, flyers, parent instructions, sleep diary)
were translated using a certified translator.
Occasionally, families request a report on their toddler's sleep to provide to the early child intervention therapist or primary care
provider. We provide a summary of their actigraph data (actogram).
We refer families who request assistance with their children's sleep to their primary care providers and/or the university hospital sleep clinic.
We acknowledge their interest in supporting sleep health in their young children and remind them that obtaining knowledge about children's sleep is a benefit of the study.
| SUMMARY
Results from this study will build on the literature on sleep and health among older children and adults and the call from experts to identify ways to buffer the stress response among very young children living with socioeconomic adversity. Results will be used to inform future development and testing of interventions to promote sleep health that may also buffer children's prolonged stress response early in life, and to examine changes in stress response and stress-related health problems over the course of children's development. 
